Obese individuals exhibit impaired functional vasodilation and exercise performance. We have demonstrated in obese Zucker rats (OZ), a model of morbid obesity, that insulin resistance impairs functional vasodilation via an increased thromboxane receptor (TP)-mediated vasoconstriction. Chronic treadmill exercise training improves functional vasodilation in the spinotrapezius muscle of the OZ, but the mechanisms responsible for the improvement in functional vasodilation are not clear. Based on evidence that exercise training improves insulin resistance, we hypothesized that, in the OZ, exercise training increases functional vasodilation and exercise capability due to decreases TP-mediated vasoconstriction associated with improved insulin sensitivity. Sixweek-old lean Zucker rats (LZ) and OZ were exercised on a treadmill (24 m/min, 30 min/day, 5 days/wk) for 6 wk. An oral glucose tolerance test was performed at the end of the training period. We measured functional vasodilation in both exercise trained (spinotrapezius) and nonexercise trained (cremaster) muscles to determine whether the improved functional vasodilation following exercise training in OZ is due to a systemic improved insulin resistance. Compared with LZ, the sedentary OZ exhibited impairments in glucose tolerance and functional vasodilation in both muscles. The TP antagonist SQ-29548 improved the vasodilator responses in the sedentary OZ with no effect in the LZ. Exercising training of the LZ increased the functional vasodilation in spinotrapezius muscle, with no effect in the cremaster muscle. Exercising training of the OZ improved glucose tolerance, along with increased functional vasodilation, in both the spinotrapezius and cremaster muscles. SQ-29548 treatment had no effect on the vasodilator responses in either cremaster or spinotrapezius muscles of the exercise-trained OZ. These results suggest that, in the OZ, there is a global effect of exercising training to improve insulin resistance and increase functional vasodilation via a decreased TP-mediated vasoconstriction. functional vasodilation; insulin resistance; thromboxane CHRONIC EXERCISE TRAINING has been reported to improve metabolic disorders (11, 17) and exercising capability in obese subjects (18, 35, 38) . We have shown that 6 wk of exercise training improves not only endothelium function, but also the functional vasodilation (the vasodilator response to muscle contraction) in the spinotrapezius muscle (exercising muscle) in obese Zucker rats (OZ), a model of morbid obesity (42). These results suggest that an increased endothelial derived relaxing factor(s) could be responsible for the enhanced functional vasodilation in OZ. However, the mechanisms responsible for the training-induced improvement in functional vasodilation and exercise capability in obese subjects or OZ are not clear.
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Arachidonic acid (AA) and its metabolites are important for functional vasodilation (16, 28, 30, 32) . The exercise-induced increase in vasodilator prostanoid(s), such as PGI 2 , could be released from multiple sites (9, 26, 29, 47) , with the endothelium considered as the major source (15) . During exercise, PGI 2 production is the dominant pathway of AA metabolism leading to vasodilation, while thromboxane A (TxA 2 ) generation has been found to decrease (24) . However, in diabetics and obesity, the insulin resistance and metabolic disorders are associated with an impaired AA metabolism and resultant accumulation of PGH 2 and/or TxA 2 (22, 46) . This increase in PGH 2 and/or TxA 2 would attenuate functional hyperemic responses via an enhanced thromboxane receptor (TP)-mediated vasoconstriction. Indeed, our laboratory's published work has demonstrated that insulin resistance and the resultant hyperglycemia in the OZ impair the functional vasodilation via an increased TP activation (41) . Since exercise training has been reported to improve insulin sensitivity and endothelial dysfunction in diabetic humans and rodents (19, 40) , we hypothesized that, in the OZ, exercise training increases functional vasodilation and exercise capability due to a decreased TP-mediated vasoconstriction associated with improved insulin sensitivity. Although our laboratory's previous study has shown exercise leads to improved functional vasodilation in spinotrapezius muscle of OZ (42) , the involvement of insulin resistance and AA metabolism has not been determined. In addition, in the present study, we measured functional vasodilation in both an exercising (spinotrapezius) and a nonexercising (cremaster) muscle to determine whether there was a global effect from effect training.
METHODS

Animals.
Male lean Zucker rats (LZ) and OZ were acquired from Harlan Laboratories. Experimental protocols for this study were approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center and were carried out according to both the National Institutes of Health Guide for the Care and Use of Laboratory Animals and guidelines of the Animal Welfare Act. Rats were separated one rat per cage at 22°C (12:12-h light-dark cycle) with free access to food and water. Food intake was measured every day using an electronic balance. One-half of the LZ and OZ were placed in the exercise protocol, while the other one-half were kept without exercise to represent the sedentary group.
Exercise training protocol. Six-to seven-week-old LZ and OZ were trained on a treadmill, 30 min/day, 5 days/wk, for 6 wk. The speed was started at 14 m/min and was increased by 2 m/min every minute, until a maximum speed of 24 m/min was reached. The rats were exercised in a temperature (22°C) and humidity-(55%) controlled room using a Columbus Instruments (Columbus, OH) treadmill.
Maximal oxygen consumption and workload. After 6 wk of training, the rats were allowed to rest for 24 h. A Columbus Instruments metabolic cage was used to measure the oxygen consumption capacity of the rats. Rats ran in the metabolic cage with a 15°inclined treadmill. The treadmill speed was started at 12 m/min and increased by 2 m/min at each 30 s, until a stable peak oxygen consumption level was achieved. An endurance test was determined using the same exercise training protocol. The speed was started at 14 m/min and was increased by 2 m/min every minute until a maximum speed of 24 m/min was reached. The rats ran on the treadmill until exhaustion. Rats that refused to run and stayed on the shock pad for 30 s were considered to be exhausted. The total distance that each rat ran was recorded. Workload was calculated by distance ϫ body weight.
Oral glucose tolerance test. An oral glucose tolerance test (OGTT) (50% dextrose solution, 3 ml/kg) was performed in LZ and OZ, one-half sedentary and one-half exercised. The rats were fasted 12 h before starting the OGTT. Blood samples were withdrawn immediately before glucose application by gavages and then at 20, 50, 160, and 240 min. Blood samples were collected from the tail vein (12-13 wk), and glucose levels were measured using a Beckman Clinical Chemistry Analyzer (Beckman Instruments, Fullerton, CA).
Functional and AA-induced vasodilation. The functional and AAinduced vasodilation was determined in an exercising (spinotrapezius) and nonexercising muscle (cremaster), as previous described (13, 42) . The right spinotrapezius muscle or the right cremaster muscle was prepared for experimental observation. In brief, rats were anesthetized with pentobarbital sodium (65 mg/kg ip), and the trachea was intubated. Animals spontaneously breathed a gas mixture containing 30% oxygen and 70% nitrogen. The left jugular vein was cannulated for the supplemental addition of anesthetic. At all times during the surgery and subsequent experiments, the spinotrapezius muscle or the cremaster muscle was kept at in situ dimensions and continuously superfused with physiological saline solution (PSS). The composition of PSS for spinotrapezius muscle and cremaster muscle was applied according to previous studies (in mM): 118.07 NaCl, 6.17 KCl, 2.55 CaCl2, and 25 NaHCO 3 for spinotrapezius muscle (42) ; or 131.9 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.2 MgSO4, and 20 NaHCO3 for cremaster muscle (34) . The PSS was aerated with a 5% CO 2-95% N2 gas mixture (pH 7.4, 35°C) to ensure that the oxygen supply was only from blood. A segment of the arcade arterioles in spinotrapezius muscle or a third-order arteriole in the cremaster muscle were randomly chosen for study. At the completion of the experiments, animals were euthanized by a cardiac injection of pentobarbital sodium or 10% KCl. Death was confirmed by a lack of a heartbeat and spontaneous breathing. The microcirculation of the spinotrapezius muscle or the cremaster muscle was transilluminated and observed with a Nikon microscope fitted with ϫ10 water-immersion objective (numerical aperture ϭ 0.3). The microscopic image was televised with a Dage closed-circuit television camera and displayed on a Sony monitor. Vessel diameter was measured using a Texas A&M video analyzer modified to function as a video micrometer. The resolution of this system was Ϯ1 m. Hooked silver-silver chloride electrodes (Grass Instruments) were placed at each end of the spinotrapezius muscle or the cremaster and connected to a Grass S44 stimulator. Diameters of the vessels were obtained in the resting muscle and immediately after 2 min of electrical stimulation (4 -5 V, 1 Hz).
Arteriolar diameter was obtained in the resting muscle and immediately after 2 min of electrical muscle stimulation. After a 15-min recovery period, AA (1 M) was added to superfusion solution, and steady-state vasodilatory responses were measured. After the arteriole had returned to its resting diameter (ϳ15-20 min), the tissue was pretreated by the TP antagonist SQ-29548 (1 M) for 30 min, and then the muscle stimulation and AA treatment protocols were repeated. At the end of the experiment, adenosine (100 M) and sodium nitroprusside (100 M) were applied to determine the maximal luminal diameter.
Drugs and vasoactive agents. AA and SQ-29548 (TP antagonist) were purchased form Cayman Chemical and stored in ethanol as stock solutions. During the experiments, the final concentration of ethanol in the superfusion solution was Ͻ0.1%.
Data analysis and statistical methods. Arteriolar diameter data were collected at 1 Hz to a personal computer and stored to disk for later analysis. The effects of SQ-29548 on vasodilatory responses were analyzed using two-way repeated-measures ANOVA. All of the other data were analyzed using two-way ANOVA. Where significant main effects occurred, individual groups were compared using the Holm-Sidak method. All data are means Ϯ SE (Figures) or SD (Tables). Probability values of P Ͻ 0.05 were accepted as statistically significant for all comparisons.
RESULTS
Body weight, food intake, and OGTT. As shown in Table 1 , OZ exhibited significantly higher body weight compared with LZ, and chronic exercise training slightly decreased the bodyweight in OZ, with no effect in LZ. The body weight is the average of all of the rats used in the present study. Figure 1A presents food intake throughout the last 3-wk period of training for the four groups (sedentary LZ, sedentary OZ, exercised LZ, and exercised OZ). The OZ exhibited an increased food intake compared with the age-matched LZ in both sedentary and exercised groups. Exercise training had no significant effect on the food intake in either LZ or OZ group. At the end of the training period (11-12 wk), the fasting glucose levels were not different among groups (Fig. 1B) . Plasma glucose levels increased in all groups following treatment with dextrose and returned back to the fasting levels after 240 min. Sedentary OZ exhibited an elevated postprandial glucose level compared with the LZ. Exercise training normalized the postprandial hyperglycemia in the OZ group with no effect in the LZ.
Work load and maximum oxygen consumption. As shown in Table 1 , OZ exhibited a significantly lower maximum oxygen consumption (V O 2max ) than LZ. Chronic exercise significantly enhanced the V O 2max , both in LZ and OZ groups, with the V O 2max remaining lower in trained OZ than in trained LZ. OZ exhibited significant impaired workload compared with LZ. Chronic exercise training doubled the workload in LZ, while enhancing the workload threefold in OZ. However, the workload of the trained OZ was still significantly lower than that of trained LZ. Values are means (SD); n ϭ 6 rats/group, except for workload LZ Sed, where n ϭ 5 rats/group. V O2max, maximum oxygen consumption; Sed, sedentary; Ex, exercised; LZ, lean Zucker rats; OZ, obese Zucker rats. The body weight is the sum of that of all of the rats used in the present study. *Significant difference vs. LZ Sed (body weight: P ϭ 0.009; V O2max: P ϭ 0.009 vs. LZ Ex, P ϭ 0.001 vs. OZ Sed; workload: P ϭ 0.001 vs. LZ Ex, P ϭ 0.001 vs. OZ Sed; two-way ANOVA). # Significant difference vs. LZ Ex (body weight: P ϭ 0.017; V O2max: P ϭ 0.001; workload: P ϭ 0.001; two-way ANOVA).
ϩ Significant difference vs. OZ Sed (body weight: P ϭ 0.025; V O2max: P ϭ 0.033; workload: P ϭ 0.001; two-way ANOVA).
Vasodilator responses in spinotrapezius and cremaster muscle. The basal and the maximal arterial diameters in sedentary and exercise-trained LZ and OZ are shown in Table 2 . There were no significant differences in the basal and maximal arteriolar diameters between the groups. SQ-29548 had no effect on the basal arteriolar diameters in all of the animal groups. Vasodilator responses to muscle stimulation and AA application are shown in Fig. 2 , A and B (spinotrapezius muscle) and Fig. 3, A and B (cremaster muscle) , respectively. In both spinotrapezius and cremaster muscles, functional and AA-induced vasodilations were significantly blunted in sedentary OZ group compared with sedentary LZ. Chronic exercise training significantly improved the vasodilator responses to muscle stimulation and AA in both spinotrapezius and cremaster muscle in OZ. Notably, in the LZ, exercise training significantly enhanced the vasodilation induced by muscle stimulation and AA in spinotrapezius muscle, but had no effect in the cremaster muscle. SQ-29548 (1 M) treatment improved the functional and AA-induced vasodilation in spinotrapezius and cremaster muscle of sedentary OZ, with no effect in the sedentary LZ, exercise-trained LZ, or exercise-trained OZ.
DISCUSSION
The major findings of this study are that: 1) OZ exhibited impaired functional vasodilation in both spinotrapezius and cremaster muscles, with administration of TP antagonist SQ-29548 improving the vasodilator responses; 2) exercise training improved the insulin resistance and the vasodilator responses to muscle stimulation and AA in both spinotrapezius and cremaster muscles of OZ, with SQ-29548 having no further effect on the vasodilator responses; 3) in the LZ, exercise training increased the vasodilator responses in spinotrapezius muscles, with no effect in the cremaster muscle; and 4) exercise training resulted in a larger percent increase in workload in the OZ compared with the LZ.
The improvement of vascular responses in the OZ was not limited to the spinotrapezius muscle that was activated during exercise training. An important consequence of these results is that the improved functional vasodilation in the cremaster muscle following exercise training in OZ suggests a global effect of exercise to improve vascular responses. In addition, exercise training increased the vasodilator responses in spinotrapezius muscle, but not in the cremaster muscle of LZ, suggesting a local effect of exercise training to improve vascular responses in spinotrapezius muscle. Since there was no TP activation during vasodilator responses in the LZ, the enhanced AA-induced vasodilation in spinotrapezius muscle following exercise training in the LZ suggests that an increased release and/or response to vasodilator prostanoids contribute, at least in part, to the elevated functional vasodilation in the exercising muscles.
The increase in blood flow in skeletal muscle during exercise (functional hyperemia) is reduced in obese humans and animal models of obesity (8, 10) . Consistent with our laboratory's previous studies (41, 45, 46) , the impaired vasodilator responses to muscle contraction and AA in OZ were improved following TP inhibition using SQ-29548. We have shown in vivo that vasoconstrictor response to the thromboxane analog U-46619 was not different between LZ and OZ (41), consistent with our laboratory's in vitro study (31) in gracilis arteries. In addition, the thromboxane synthase inhibitor 1-benzylimidazole did not alter vasodilatory responses in OZ (41), similar to findings in the diabetic rat (33) . Therefore, the enhanced TP activation during muscle contraction in OZ is likely due to accumulation of PGH 2 , rather than increased TxA 2 synthesis, or TP expression, or its downstream signaling. Neither SQ-29548 nor 1-benzylimidazole decreased basal arteriolar diameters, suggesting that the accumulation of TP activator(s) only occurs in response to stimuli, such as muscle contraction. Further studies are needed to definitely determine which factor Fig. 1 . The daily food intake and postprandial plasma glucose levels in sedentary (Sed) and exercised (Ex) animals. A: obese Zucker rats (OZ) exhibit significantly higher daily food intake compared with age-matched (9 -11 wk) lean Zucker rats (LZ) in either the Sed (*significant difference: 9 wk, P ϭ 0.001; 10 wk, P ϭ 0.001; 11 wk, P ϭ 0.001, two-way ANOVA) or Ex group (#significant difference: 9 wk, P ϭ 0.001; 10 wk, P ϭ 0.001; 11 wk, P ϭ 0.001, two-way ANOVA). Exercise training did not change food intake significantly in LZ or OZ. B: the fasting glucose levels were not significantly different between Sed and Ex rats in both LZ and OZ groups. OZ exhibited significantly higher postprandial hyperglycemia compared with LZ in Sed group (*significant difference: 20 min, P ϭ 0.013; 50 min, P ϭ 0.001; 90 min, P ϭ 0.025, two-way ANOVA; #significant difference: P ϭ 0.04 vs. LZ Ex). Exercise normalized the enhanced postprandial glucose levels in OZ, which has no effect on LZ. Values are means Ϯ SE (LZ Sed, n ϭ 5; OZ Sed, n ϭ 6; LZ Ex, n ϭ 6; OZ Ex, n ϭ 5).
is responsible for the enhanced TP activator(s) in OZ during the hyperemic response.
Hyperglycemia is known to be associated with a shift of AA metabolism to vasoconstrictors and impaired vascular function (2, 25, 27, 37). Zou et al. (49) reported that hyperglycemia alters AA metabolism, leading to accumulation of PGH 2 (a TP activator) in human aortic endothelium. Although the fasting glucose levels may be normal in obesity, postprandial hyperglycemia, instead of increased fasting glucose levels, has been suggested as a risk factor for cardiovascular disease (36) . Our laboratory has demonstrated that insulin resistance and resultant postprandial hyperglycemia in OZ are responsible for increased vascular reactive oxygen species and the impaired functional vasodilation in spinotrapezius muscle due to TP activation (41) . In the present study, we found that the functional and AA-induced vasodilations were also impaired due to elevated TP activation in the nonexercise trained (cremaster) muscle of OZ (Figs. 2 and 3) , with the impaired vasodilation improved along with increased insulin sensitivity. Together, these results suggest a systemic impairment in the AA metabolism and vascular responses associated with insulin resistance in this model of obesity.
Consistent with our laboratory's previous findings, treatment with SQ-29548 only partially restored the functional and AAinduced vasodilation in the spinotrapezius muscle of the sedentary OZ (43) . Our laboratory has shown that this partial restoration is due to both impaired production and response to vasodilator prostanoids, such as PGI 2 (20, 21, 45) . Alternatively, the lack of a full return of functional vasodilation following TP inhibition in OZ may be due to impaired nitric oxide (NO) synthesis and/or sensitivity, as observed in obese and type 2 diabetic patients and animals (3, 14, 23) . Our laboratory has shown that NO plays a role in functional vasodilation (44) . However, in the cremaster muscle of sedentary OZ, we found that SQ-29548 treatment normalized both the functional and AA-induced vasodilator responses, suggesting a minimal role for NO. Although the mechanisms responsible for the different effects of SQ-29548 between spinotrapezius and cremaster muscles are not clear, the elevated TP activation in both tissues suggests a global consequence of the (2) 17 (1) 19 (1) 16 (2) 14 (2) 17 (3) 14 (2) SQ-29548
16 (2) 17 (3) 17 (2) 19 (1) 16 (2) 14 (2) 17 (3) 14 (2) Maximum diameter 37 (3) 44 (9) 40 (3) 43 (10) 42 (10) 35 (4) 44 (10) 39 (11) Values are means (SD) in m. The basal diameter before and after SQ-29548 treatment and the maximal diameter in all the animal groups in both spinotrapezius and cremaster muscles are shown. No significant differences between all of these groups were found. Fig. 2 . The effect of exercise training on functional and arachidonic acid (AA)-induced vasodilation in the spinotrapezius muscle, with or without SQ-29548 pretreatment. A: OZ exhibited significantly blunted functional vasodilation compared with LZ in the Sed group (*P ϭ 0.001, two-way ANOVA). Chronic exercise training significantly enhanced functional vasodilatory response both in LZ (*P ϭ 0.004, two-way ANOVA) and OZ (#P ϭ 0.001, two-way ANOVA). However, Ex OZ failed to reach the same level of functional vasodilation compared with Ex LZ (^P ϭ 0.006, two-way ANOVA). SQ-29548 pretreatment significantly enhanced functional vasodilation vs. OZ Sed control [ ϩ P ϭ 0.001, two-way repeated-measures (RM) ANOVA]. SQ-29548 partially restored the functional vasodilatory response vs. LZ (*P ϭ 0.02, two-way RM ANOVA). SQ-29548 had no effect on vasodilation in Sed LZ, Ex OZ, or LZ induced by functional stimulation compared with the control group. B: AA-induced vasodilations are similar to the results of functional vasodilation. *Significant difference vs. LZ Sed (P ϭ 0.001 vs. OZ Sed; P ϭ 0.028 vs. LZ Ex, two-way ANOVA). #Significant difference vs. OZ Sed (P ϭ 0.007, two-way ANOVA).^Significant difference vs. LZ Ex (P ϭ 0.002, two-way ANOVA). SQ-29548 pretreatment significantly enhanced AA-induced vasodilation vs. OZ ( ϩ P ϭ 0.004, two-way RM ANOVA). SQ-29548 partially restored the AA-induced vasodilatory response vs. LZ with SQ-29548 pretreatment (*P ϭ 0.016, two-way RM ANOVA). SQ-29548 had no effect on vasodilation in Ex OZ induced by AA compared with the control group. Values are means Ϯ SE (LZ Sed, n ϭ 6; OZ Sed, n ϭ 7; LZ Ex, n ϭ 5; OZ Ex, n ϭ 5).
obesity as contributing to an impaired functional vasodilation and exercise capability.
It has been demonstrated that acute or chronic exercise improves insulin resistance and whole body glucose homeostasis in obese subjects and animals through an increased translocation and/or expression of glucose transporter-4 (1, 4, 5, 7). We have shown that minimizing the hyperglycemia in streptozotocin diabetic LZ increased the impaired functional vasodilation via a decreased TP-mediated vasoconstriction (43) . More specifically, we have demonstrated that insulin resistance and resultant hyperglycemia in OZ contribute to the elevated TP activation and impaired functional vasodilation via increased vascular reactive oxygen species (41) . Since a causative relationship between insulin resistance and the impaired functional vasodilation in OZ has already been established, we believe that the improved glucose tolerance in the trained OZ (Fig. 1) following exercise training contributes, at least in part, to minimize TP activation and increase functional vasodilation. In addition, the current results show that an increased functional and AA-induced vasodilation in the cremaster muscle in OZ is due to a global effect from exercise training, with this beneficial effect absent in LZ. These results suggest a mechanism that is distinct in trained OZ to globally modulate functional vasodilation, such as improved insulin resistance.
Similar with our laboratory's previous findings (42) , the present study showed that exercise training increased the functional vasodilation in the spinotrapezius muscle of both LZ and OZ. However, in the LZ, the functional and AA-induced vasodilations were only increased in the spinotrapezius muscle, but not in the cremaster muscle following exercise training (Figs. 2 and 3) . These results suggest a local effect of exercise training on increasing the vasodilator responses in the exercising muscles. We have demonstrated that TP-mediated vasoconstriction is minimal in LZ during functional and AAinduced vasodilation. Therefore, the increased AA-induced vasodilation in the spinotrapezius muscle of trained LZ (Fig.   2B ) suggests that an enhanced vasodilator prostanoids synthesis and/or sensitivity is responsible, at least in part, for the increased functional vasodilation. There is evidence that chronic exercise training in nonobese humans increases prostacyclin synthesis, along with an increased V O 2max and exercise capability (48) . In the OZ, both the functional and AA-induced vasodilations in the spinotrapezius muscle were partially restored with treatment of SQ-29548 (Fig. 4, A and B ), but were normalized following exercise training (Fig. 4C) . These results also suggest an increased vasodilator prostanoid(s) production or sensitivity as a local effect of exercise training in OZ. Other vasodilator(s) that are involved in local functional vasodilation, such as NO (44) , may also be improved following exercising training. For example, NO synthesis and sensitivity have been shown to be elevated following exercise training in both lean and obese subjects (9, 12) . In addition, the basal and the maximal diameters were not altered by exercise training, suggesting that the increased vasodilator responses are not due to an altered maximal vasodilator capability or vascular anatomy (Table 2) .
V O 2max and workload are determined by the blood flow and oxygen supply to exercising muscles (39) . It should be realized that, due to the different skeletal muscle-to-fat mass ratio, the comparison of V O 2max between lean and obese rats is difficult. Since exercise training did not change body weight in either LZ or OZ (Table 1) , the increased V O 2max following exercise training in either the LZ or OZ indicates an improved functional hyperemic response. However, it is based on the assumption that exercise training did not significantly alter the muscle-to-fat mass ratio in either LZ or OZ. Therefore, we used workload as another index of blood flow and oxygen supply during exercise. Based on the current and previous studies (11, 41) , the impaired V O 2max and workload in the sedentary OZ may be due to decreased functional vasodilation and/or microvascular density in the exercising muscle (6) . Following exercise training, there was an increased V O 2max and . SQ-29548 pretreatment significantly enhanced functional vasodilation vs. OZ control (ϩ P ϭ 0.003, two-way RM ANOVA). SQ-29548 had no effect on vasodilation in Sed LZ, Ex OZ, or LZ induced by functional stimulation compared with the control group. B: AA-induced vasodilations are similar to the results of functional vasodilation. *Significant difference vs. LZ Sed (P ϭ 0.003, two-way ANOVA). #Significant difference vs. OZ Sed (P ϭ 0.003, two-way ANOVA). SQ-29548 has a similar effect on AA-induced vasodilation as on functional vasodilation. Values are means Ϯ SE (LZ Sed, n ϭ 6; OZ Sed, n ϭ 5; LZ Ex, n ϭ 6; OZ Ex, n ϭ 5).
workload in both LZ and OZ, which correlates with the enhanced functional vasodilation in the spinotrapezius muscle, as observed in both groups.
The V O 2max and workload in the exercise-trained OZ were still lower compared with the exercise-trained LZ. This difference could be due to the lower functional vasodilation ( Fig.  2A) , reduced skeletal microvascular density, and/or a possible blunted vasodilator property in the upstream vessels of the exercise-trained OZ compared with the trained LZ. There is evidence that a 10-wk exercise training protocol fails to normalize a decreased microvessel density in exercising muscles of OZ (11) . Moreover, the exercise trained OZ exhibited a larger percent increase in functional vasodilation in spinotrapezius muscle (ϳ90% for OZ vs. ϳ20% for LZ) ( Fig. 2A) and workload (ϳ220% for OZ vs. ϳ101% for LZ) ( Table 1) compared with the exercised LZ. In addition to a local effect of exercise training, the improved insulin resistance and hyperglycemia in the OZ following exercise training could also improve functional vasodilation in the spinotrapezius muscle. Therefore, the larger percent increase in workload and functional vasodilation in spinotrapezius muscles in exercisetrained OZ may be due to a combination of both local and global effects of exercise training on the vascular responses in the spinotrapezius muscle.
Conclusions. Exercise training improved insulin sensitivity and increased functional vasodilation via a decreased TPmediated vasoconstriction in the OZ. The improved functional vasodilation occurred in a muscle that was activated during exercise, the spinotrapezius, and a muscle that is not activated with exercise, the cremaster. These results suggest that exercise training leads to a global effect to improve vascular responses in OZ. Based on the present results and our published work (41, 42) , we believe that the vascular improvements are due to improved insulin sensitivity. These results provide evidence of the benefit of exercise training on improved vascular responses in nonexercising tissue.
